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Color Space of i:he

Coloroid Color System

The Coloraid color system it o Hungarian siandard color
order system. This artiele describes ke color space of the
Coloraid system and its relarionship ro the CIE colorimetric
space and the spacer assoctated with the Mzasell and DIN
cplor order syatemms, The Colorotd system ix presemed as,
a compromise of principles of uniforonity in regard e color
difference and color harmony, as well as ease of mapping
il the CIE colorimetric spoce,

Introduction

The Colorcid system was developed at the Technical Uni-
versity, Budapest, Hungary, for use in environmental salse
design. Finalization of the svstem relied on tests of the
peychometric scales of the calor system, made since 1962
under the guidance of the author, invelving tens of thousands
of teat ssbjects. The overall resubis of these tesis and the
gystem itsell were presented’ earlier in this journal.* This
article presents & description of the color space associaed
with the Coloroid system.

The advantages and disadvantages of the color space im-
plied by a calor system emerge in practical use. New idess
ane mose eagily adopeed if they have thear mots in establlished
idheas. Therefore, afier an introduction, the color space as-
sociated with the Colorold color system is presented on the
basis of expericnce gained from wse of the cobor
collections that embody the Coloroid, the DIN, and the
Munsell eolor systems. ™

*Follwasg e comections for P erron, found on pape 130 of ref. 1:
Equatios { 9] reasds comesily:

¥ inale. = arl)
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Equaiios {21] reads ceerectly
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The Coloroid System as o Compromise

The Coloroid color space represents & compromiss between
two objectives. First, achieving percepual amiformity of
color spece was atiempeed. The concept of a perceptizally
iniform color space may be given Pwo interpretations.™*
Either uniformity depends on the color-difference-percep-
tion &bility of the human visual system, or uniformity relies
en the ability of appreciation. In the fir case, perceplion-
threshold measurements are applied 10 define colorspace
scales, swch as in ihe Munsell Renotation system. In the
second case, color-space scales rely on hammony-threshold
measurements. |n these tests the minimam difference be-
mween two colors in a given colr composition s 1o be
derermined such that the two colors can not only be per.
ceprually distinguished but also sesthetically appreciated in
the composition.™ This marimam difference between two
colors | call the harmeny threshald, Colers in a composition
differing by less than the harmony ihreshold are considered
fraternal rather than indepepdent colors. A series of colors
spaced at harmony thresholds having a beginning and an
end is, when viewed as a whole, seen o be perfectly uni-
form. This uniformity based on harmony-threshold mea-
wurements 15 called scsthetic eniformity. To create a cabor
space sccofding to the latier inferpretation of perceptusl
uniformity kas been sttempizd in the Colorodd system., The
size of the wpit of harmony difference has been found to
vary in terms of units of percepiual difference across color
space.®1%

Second, a simple mapping of the experimental idealized
cobar-perception space into the colir-excitation space of the
CIE colorimetric syslem wis endeavared 1112

This dual goal has resulted in the color spece of ihe
Coloroid color syssem, which approximates aesthetic wni-
formity fairly well with an enambiguous mapping into the
CIE system,

The Coloroid color space is embedded in an orthogonal
cincular cylinder (Fig. 1°), with the achromatic colors on

*Lymbols waed in Fig. | wee definad in Tahbie |
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FI3. 1. View of the spatial moded of the Coloroid color system (jor legend, see Tabie 1).
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COLOR research and application

its 2xis5. The axis begins with absolute while and ends wiih
absolaie Black, These sie. rspectively, the calars of 3 per-
Tecaly diffuse reflecting susface frradiated by CIE illuminang
C. ard of & perfed light-absorbing surface, thad is,

Fo= 10ard ¥, = 0

where ¥ end ¥, are CIE eristimulas valoes of absolute white
ard ol sbsolute Black. The color coonfinaes of absolute
white and sbsslute black of the Coloroid color sysicm &fe
idemtical with the eolor coodinates of CIE Hiuminant C in
the CIE 1931 chromathsity dizgram.,

The Colorodd limit cobors, spectrum colors from b = 450
nm it b = 625 nm of the spectrum locus in the CIE 1931
chromaticity dingram end purple colors on the straight line
conpeciing Ehese poinis, are located on 8 curve traced on
the shell of the eylinder. The tristimulus valess X5, ¥, &
of Colorobd limin cobors are 100 times the cobor maiching
fenctions ¥y, ¥, I, & dominant wavelengih A, with a band-
width of the equal-energy specinam of [ nm, that i,

i'.'.. = 1min:r|.- lmij:"' za.- IME:.-

Digtamces between points on the curve in Fig. | and the
normal plene ar paint § of the schromatsc axis ane directly
proportional 1 the tristimalus vabse ¥ of the given codor,
Among the limit colors, 48 pesthetically equidistant colors
have been assigred integer nombers, ¢,g., A 13, and termed
Ciolarokd basic colors. Colors of the same bue zre bocated
cn axial seetions, those of the same |luminosity o planes
mormnal to the axis, and those of the same staration on
coanial cylimdrical surfaces. The Colormid color space ac-
commodaies the Coloroid coler solid comprising all real-
izable surface colors. The Coloroid color selid incledes the
colors of the realized color collection.™

CIE tristireruius walues at each point of the Coloredd color
space can be capressed as the sum of the produects of ClE
erimimulus values of tke Colorodd limit coler and the -
spective Colorodd tristimulus values of shsolute while and
absalute Back (Fig. 2, Table I} Any surface color in the
Coloredd color salid may also be expressed as an additive
mixture of 3 sierface color of the same dominant wavelsngth
bui moee saturated, of a brighier, and of o darker achromatic
surface color™ (see also Fig. 2 and Table I). In Fig. 2 &
part bousded by axisl seetions eontaining hues A20 and 424
af the spatal model of (he Colomdd color system has been
femoved. On both axisl sectbons, positions of the two most
aaburated surfacs colors A20, and A44, comesponding to the
huses iof the axisl seodons, have been marked. Again, bound-
&y curves joining these podnis, containing surface colors in
ihese anfa] secrions, have besn wraced. Horizoneal lines of
e mcsh on the Coloroid kalf plane of hue A4 accomodace
colors af the same lighiness, and vertical ones those of ibe
same sanaration. Accordingly:

Xo=ph + wko + 58, X = pXa + wls + 54,
¥=pbF + wl, + 2, ¥=p¥. + whe + 2¥,
Emply + wi, + 18, I=pdy +wl, + 58
isee Table | For definitions).
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Sealing in the Colorold Color Space

Mexl, the scaling of Colamid hwe, Coloroid saturation, and
Coleroid lighmess in the Codoroid calor spece are consid-
ercd, first from the viewpim of asuherlc uniformity, and
ihen from that of o simple mapping imo the CIE system.

Hue Scales In the Coloroid Color Space

According t0 the concept of nesibetic uniformity, equal
hue steps rely on the uniformity of harmony intervals
hreughout the color space, The resull shoald be a compeo-
mise between uniformity and color abundarces i the colar
ranges witlized in environmental color design, In & con-
wrwcted environmend, oaly colors that can be apprecialed
sesmbstically in @ composition o in a spatisl complex shoald
be used. Sinoe, acoording 1o oar tests, ' abe largest devia-
tions between percepiual seabes and scales of harmony oecar
in the green and purple color ranges, these are Likely 1o be
the arcas where cobos scales of the Munsell and DIN gys-
fems, which are based on perceptual scaling, differ most
from those of the Colomid systems, which are baied on
harmony scalimg.

For the purpose of compariten, color samples have been
clagified imo five groups scconding to domindal wave-
bengih. Yellow, red, purple, blue, and green ranges have
been assigned colors of dominant wavelengihs, respectively,
from 367 1o 590 nm. 391 10 625 and =491 1o - 3500 nm,
= 800 ta =570 nom, 49 o £05 nm, and 494 o 565 am.
Distrthunion of color samples for (beie ranges o5 8 per-
certage of the tofal sample assorment for the Cioloradd, the
Misnzcll, and the DM sysems {2 scen tn Table 11

The sample percentages for the Colorowd color collecuon
in the vellow, red, and blue ranges are seen to be inter-
mediary to thase of the other two color systemas, whesea
the Colarosd system contalns proporianally fewer parple
and more green samples than either of the oiber two systema.
We are of the view that the requirements of design practice,
affecied by fashion trends, tend to faver the Celosoid
recammendations. ;

The aspect of simple commelation with the CIE colonmetnic
sysiem suggests a relationship of hue to dominunt waves
length. In the Colorold system, colors of the same has are
assipned the same dosminant wavelength, This is pal 5o in
the Munszll system, making the relationship of its hue scales
te the CIE system much more complcaled.

Hue spacings of the Coloroid and the Munsell systems
have beem compared in Fig. 3. The systems have been
centered @ the location of dlumenam C on the CIE 1931
diagﬂn- The 48 Colosuid bais calors mpﬂnﬂun] i ihe
48 bask: bues are identified on the owler circle, Their num-
bering ranges from 10 1o 78, with certain numbers left out.
Intersections of radii crossing the points with the spectrum
Jocus define the dominant wavelengihs of the Coloroid haes.
These dominant wavelenpths were tabulated inoref. 1. Cir-
cular ancs af dufferent leagths indicate forty Munsell hues
in the inner Grcle. The cicelar arc lengths depend on the
wavelsngth mages needed o chamcizrize the indicated colors
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FiGg. 2 Desvation of e Colomold colors from tistimulus

of & given ke but varying in saturation in the Munsell
sysiem, In this sysiem s many as four differemt bucs may
bave the same dominant waweleagth, depending on san-
ration, The figure seems to indicate that the ability of the
human visual system 1o distinguish hues ks more differen-
tiated in the ranges of bluish-green and purple than, e.g..
in e yellow range. This impression is validated not only
by cur experiments but also by practical experience of peo-
ple working with cobors."™

In Fig. 4, Munsell 5.0 YR ond Colareid 22, coless of
the same hoe, sre defined soconding to dominonl wave-
lemgths. Plane  contains all ibe eolors of the Colorosd axial
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waluas of tha CIE colosdimatric system, Additiva mixing of gur.
tace cofors, See texd for delals (for legend see Tabla ().

gection. Colors of the Munsell axial section are m planes
of different domtinant wavelength, parailel to plane C. Mun-
sell saturations bie on the borizomal axis, and Munsell and
Coloroid lightnesses on the vertical axis of plane C of the
view presented. Numerical values of Munsell aed Coloroid
lighimesses are on the right and on the left side of the dia-
gram, respectively. ldentical Coloroid saturations ane lo-
cated on curves in plans C (T10 w0 T30, Plane © contains
all the colors of the Coloraid axial scction. Cobors of the
Munsell axial section form surface M. Dominant wave-
lengiks af calors represented by surface points and distances
of the given paints from plane C are direcily proporional,

COLOR research and application

TABLE I, Definitions of symbaols and abbreviations used
in the text and figures.

Syreinal Deolwnition
Figure 1

Circular ditecirt of the arthiogonal cylindes
eomadising the Coloroid color sodid

Irngular disactrix of the crhogonal oplindes
comprising the Colgerid color soiid {surlace colior)
Achromabc ans of the Colondid colcs Syabam
Spocinem kocus of e Coloned space on B shel
ol the cethogonal circular cylbnder comprising the
Cofamid colcs space

Locus of the mest sasurated surlsce colors of tha
Colonoad coios space on e shell of The cylnder of
megular directriz G2

Axial secticn of the Colonid oolce $pa0e, planed
croaing thi achromaiic ads oul oul so-catled
Cofonoid hall planos

5% § 2

Colomid hall planes

Absciute white of he Colanosd coior syslem, iop ol

the achsomabc Axs

Locaton of the lighbes! achromats surface oolor on

the achwomatic axis

Absolune black of ha Cokorosd color syalem, botiom

of the pehreematic awig

Piace ol the cakest achnomass surtace oolor on

thi ackoromabic oS

o Coloroid hue. Coloroid inciudes 48 base

Ty mearkiad by omiing cedfain nambers froem the

range 10 to TE. A hue s designated by the lather A

fodiomed by the hue number. For example, A10

teders 1o Eoktdd wilh domndnl wivelengih 5T0.83

nm. Colors of e sama hus Tomm axial sections.
A, Symiol of Coloroid limit colicr. n the Colonsid
Eysibm, then ane 48 basic colors Batwesn lmit
eciors, manosd e e basie hoeg,
Symbo! of the mesl saturaied Coloned surface
colors foe aach fue, manosd e the Dasic FHusds.
Symibal of Coloroid sabiratesn. Comeoio aalumion
inereases lineardy along aach normal io Tthe
mchromatic anks, from e axis jowards ihe shell of
fhie cylinder comgeising the Colorod limil colors.
Thé fumarsss vahed of saturslion iy Jeno & the
achromalc axks and 100 gk the cylindar sholl
Coicrs ol the samip sosuraion jorm coaxksl
Symbod of Coloeoid lightreas, Goloroid lighiness.
rncsnasas linaardy irom ine plans normal o the
achromatic axes at thi absclute black point 1o the
normal plane at the absoluts while poinl. The
numenca’ valss of £ pero in e piane at
the abpoluie bizck pont and 107 in the plane af the
abschse whise point, Colors of equal fightness torm
parailal planes noimal 10 the achromaic pds,

~eessge § o3
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CIE Irislimuics valoss 0! Goioroid absolubn while,
CIE irigtimuiys values of Coloroid absclute black.

rp o

plars A conlaimmng cole B,

Trigtimuiss values of Coicecs lmit color 420,
Colonoid color conlent {gaciabion purity). Coloroid
irishimuius valug, F oolor B is 1o be exprossed as
an addilive mixiuee of AD0,, W, and 5, [hen B i3 tha
pescaniags al AZD N e momine,

Colarak] whits, Colonod ristmulus valse. H color B
is o ba evpressed as an addites midue of 4200,
W and 5, then w i he penceniage of ¥ n S
sl

b
11.
M
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TABLE | (Continuad)

Symmbal Drarlinitian
Figurm 2

5 Colonoid biack. Colonid trislimulus value, If color 8
i b0 be eaprassed as an adethee mexhues of A0,
W, and 5 then s s the parcentage of 5 in the
miabane,

W Achromatc surtace color brighlar an 8, practicaly
pwadlakde o produce oolor B by addiive mixing,

K Yo Ee Eﬁuuummmumumm

5, Achromatic surtsce color darker than B, pracically
availabia to produce cokr B by BdEve mixing,
Kn T Zn E!Eulumﬂ.mMmqummmm

AR Chnamatic surlace calor in Bhue plans A5, Mmoo
salurated hen B, practicaly svalsbly 1o produce B
by adciee mizing

M Vo Ta mmmmmurmmmm
color AR

Bi Coiomed tristimulus value of practicad color mixing.

Percantages of surlace salor of s sami
wivelengih 8a, but mede saiuraled Man, e
SATDLD OO B0 b peesuced DY SOt mixing,

W Colonid tnstimulug value of practcal oolor miaorg,
Parcantage of acheomalic suriace color Bghlar than
MM#WHHWHM’-]

5 mwmmmm practical colces mixing,

of achsomalic surlace color darker than
the surlace color ko be produced by midng,

XYz CIE irigimuiys vakues,

Paints for the same dominant wavelengths on surface M are
connected by curves.

The dominam wavelength of all colors of Colloroid hoe
22 in plane C of the figure is the same. The dominant
wavelengihs of colors of Munsell hoe 5.0 YR vary. Only
the dominant wavelengths of colars along curve m ame idens
tical to that of Colorcid hue 22; these of the other coloss
are highes or bower, resulting in the deparure of the curved
surface from plane C. Cunously, differences in dominam
vavelengih are the greatest in very light and very dark
ranges of the least spiurnted colors, exactly where—ac-
cording to decades of practical experience with visual col-
onmeters——ihe human visoal sysiem is the leasi able io
distinguish hues precisely. Test subjects separately viewing
any collection of color samples of identical hue of the three
cofor aystems were found (o perceive all the colors in the
collection to have perfectly identical bue. When collections
from different systems were directly compared, the judg-
ments regarding the preferred sysiem varied; however, no
system was found 1o be preferred at a stasrstically significant
bevel.

TABLE I, Percentage of color samples of the Coliorosd,
Munsell, and DIN color colfections falling info five color
ranges (see text for definition of ranges).

Colomd Bhninall ()]

Yaliow 25 1 30
Hea 18 i6 21
Pumpla 12 19 21
Beae 19 23 1
Gt 23 21 17
139



Lrn

LTY

T

ag

N L

PO T o ar

FIG. 3. Positions of dominam wavelengths of colors of the same hue in the Coloroid, Munsell, and DIN color
callections supermposed on the GIE 1931 chromaticity dagram.

Lightness Scaling in the Colerold Color System

According to the concept of aesthetic uniformity, & und-
form lightness scale ks developed from equal harmonic in-
tervals between absolute white and absolwie black. When
ohaervers examine juxtaposed grey scales of the Coloroid,
Munsell, and DIN systems, that of the Coloroid system &
judged to vary evenly, while these of the Munsell and the
DIM systerns vary mare gradually (see Fig. 5) in the dacker
ranges.'” These statements are supporicd by experimens
imvolving thousands of test subjects.”

140

The grid on which the tristimulus values ¥ are located in
Fig. § has square-root spacing. The situation is further com-
plicated by the fact that these scales are valid for the com-
plete space or color solid only in the Coloroid and Munsell
color systems. Differences in the scale divisions clearly
depict deviations between scabes relying on harmonic and
those relving on percepiual scaling experiments. These de-
viations are parily responsible for the fact that the Munscll
and DIN color sample collections includs many meore dark
shadss than does the Colomid collection. The desirability
of a simple mapping into the CIE colorimetric sysiem was

COLOR research and appdication
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Fi3, 4. Dominant wavelengths of colors of &Meren] Bghbnesses and saluraSons i axaal sections of SAME
orange hie of ihe Coloreid and the Mursell systems. Soe lexd for explanaion, "

Voluma 12, Humber 3, June 1587

141



CAE [=alle a0 a] B iREELL e L]
¥ ¥ W 4]
il
] B -
: u
4]
JR— . =
&
o ]
T
A
L)
- — L
Lil
Faid : e A0
A
1]
&
20 i
ax &
3
5 [ i
i .- .
3 i [ N—
A | 5
1 L+ P L
[} -

FIG 5 Lightness scales of the Colomoid, Munsell, and DN
color systems comparad to CIE tistimulus valus ¥,

kept in mind in relating CIE wristimalus value Fand Colorold
lightmess valee ¥ of o color as

¥ = 10 f#

This relationship fairly approximates assthetical unaloemiLy.
This staterment is semilar (o that made by the painter f-'lu[rs-l:l.'l
in considering calor scales. ™ By definition, Coloroid light-
ness expresses the distance of the given color from :Iﬂ.nhu'!:
black on an aesthetically uniform scale of 010 100, Caloroid
lightness of any color s aumerically oblained &

Vo= 10(p¥, + 100w)" and V
= 10(pYa + w¥re # ¥ =)

for symbul definitions see Table [).
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Sarurarion Scaling in the Coloroid Color System

According to the concept of aesthetic uniformity, 8 wni-
form scale of sarurstion relbes on equal harmonic iul:t_*uh
from amy grey to the mest saturated color of the same light-
pess. In the case of saterstion, amformify of harmanic in-
texvals also assumes overall consideration of the entire color
space. As a consequence, dark ranges in the Colorold system
inchude fewer, and mediam amd light rangss moee, safuratian
intervaly tham in the Munsell or DIN color syspems.

A simple mapping into the CIE colorimetric system was
kept in mind mPF:;Eﬂviﬂg Coloroid saturagion independent
of hue and lightress. Each color of the color space can be
prodieced by additively mixing the proper spectrum color—
ar two spectrum coloes in the purple mage—with absolute
white and atsolute black. The quantity p of the spectrum
colar {Coloreid limit color) required to produece a given color
is called the color content (excitation purity). I Fig. 6 1en
coaxial cylinder surfaces of the color solid have becn spaced
evenly from grey to the spectrum color, comesponding to
the variation of p from @ o 1, In the Coloroid sysiem an
aesthetically uniform scale of ssturation from zero to 100
expresses the distance of the color from an schromatic vmllnr
af ihe same Coloraid lighiness, achieved by dinecily relating
Coloroid saturation T o P 85

T=pl,= 100pand T = pTa

where T, is the sururation of the Coloroid limit color and
T, is the saturation of a surface color more saturated but
of the same dominant wavelength as that of the surface colar
in question (other symbal definitions are found 1n Table 1)
hupsell and DIM samiratbon dsts are ipdicated as lines in
Fig. 6. Colors of the same Munsell or DIN saturation may
have a wide range of color content p. The question whether
or aot variation of saturation should be iedependent of colos
content p and dependent on variation of hise and lightness
may be answered by comparing colar sample collections.
The buman visial sysiem is bexst ahle o distinguish vanation
{n samuration. Whelber two samples of the same hue arc
equally or differently saturated and, if differently, what the
patio of their saturations is in terms of saturation steps, can
anly be decided by experienced test subjecis. Saturation
scales of each of the color systems under review were found
by test subjects to be perfectly uniform when they were
shown separately for each system. When they were direcaly
compared, no scale was found 1o be significumiy belzer. '

The Coloroid Color System in Education and Design

In Hungary, the Coloroid color system has been applied in
primary, secondary, and higher education, as well as in
environmestal cobor design. The Coloroid color system bas
been officially issued by the Hungarisn Office for Siand-
ardization in 1982, The sesthetic uniformity of the Co-
Joroid color system is especially favorable in desagn. H.v:
|atioes between Coloroid color symbols express relationships
of color harmony. Colons eguidistant in Coloroid color plancs

COLOR ressarch and application
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FIG. & Color content [eacitation purity] p for the Coloroid, Munsell, and DiN saturation scales.

are felt io be harmonic {Fig. 7,72 In Fig. 7 the Coloroid
colos gpace and the embedded Colorold surfsce color splid
have been cut by a plane erossing complementany hues A44
e AT, A mesh of sirasght Hees conmecting colars of the
saumee safuration and lightness has been superimpased on the
color-solld section. Iniersections define munzally hasmaniz-
ing colars. Colors represented by dots might constibute, e.g.,
a dvnambe composition. Numbers expressing Coloroid sar-
urazbon and Lighaness of such cobors form an anithmetic pro-
gression, sech a5 that illastrarsd in Table ¥, The Colomid

Volume 12, Mumber 3, June 1987

color system permits fhe designer to confine——relying on
disclesed and quandified festures and demands——qihe parnts
af color spece that most favorably meet achitectural, ses-
thetic, functional, and lighting demands on the bailding (soe
Fig. E).™ In Fig. 8 horizontal axes in the diagrams on top
represent the Colomosd bue scale A, saturation scabe T, and
lightness scale V. in thig order. The vertical axes indicate
jpreference percentapes swmmed according to various sypects
of design. Shaded areas above the carves define ranges of
his A, safuration T, and lighiness V1o contain planned
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FiG. 7. Geomatrical locations of colars composing hamonic colar complexes in the Colongid

colar soid. See baxt for explanadon,

TABLE 1. Colorold indices of harmonic cofor sedes. A
ls the Colorcid hue, T the Colorold saturabion, and ¥
the Coloroid lightness,

Sanes 1 Sanea 2 Sarried 3

A T L A T ¥ A r ¥
44 i a0 &4 1] L] L) 20 ko]
44 10 40 00 o [ 44 14 Ty
& 0 5] Fa | ] ] i ] o) L]
44 =] [x] " 20 BO m T £Q
dd 10 T i b ] B T 20 Ta
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icobors foe architestzral constroction, These three graphs de-
limiit comcrer parts of the Coloroid color solid, as ilestrated
in the bower portion of the figure, The color designer will
choose eolors for his design from among colors contained
in these distinet regions.

The coerelation between the C1E aad the Colorid systems
facilisates 1be redlizatzon of any color of the Colomid colos
space with simple means, wable also in education. These
relathonships penmit the direct determination, with the help
of a specially constructed colorimeter, of both Coloraid

COLORA research and application
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FIG. 8. Color ranges delimited by quantified colar design leatwes and demands. Soe text for explanation,
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coondinates and CIE tristimalus values, and the writing of
computer programs for convening Coloroid and CIE data. ®
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